Abstract. Conditions for the Landau and cyclotron resonances are tested for 543 waves (identified as local peaks in the energy spectra) in the magnetic field fluctuations of the solar wind measured by the Cluster spacecraft on a tetrahedral scale of 100 km. The resonance parameters are evaluated using the frequencies in the plasma rest frame, the parallel components of the wavevectors, the ion cyclotron frequency, and the ion thermal speed. The observed waves show a character of the sideband waves associated with the ion Bernstein mode, and are in a weak agreement with the fundamental electron cyclotron resonance in spite of the ionkinetic scales. The electron cyclotron resonance is likely taking place in solar wind turbulence near 1 AU (astronomical unit).
Introduction
Wave-particle interactions are of particular importance in collisionless plasmas in space and astrophysical systems. Various types of interactions are possible, e.g., Landau resonance, cyclotron resonance and its harmonic resonances, and pitch-angle scattering. Wave-particle interaction is the candidate process to explain dissipation in plasma turbulence and anomalous resistivity in ionospheric heating processes (Coroniti, 1985) , plays potentially an important role in driving magnetic reconnection (Treumann, 2001) , and is of importance for wave excitation through microinstabilities due to the unstable gradient of the velocity distribution function such as beams and temperature anisotropies as studied in detail in theory by Gary (1993) and in spacecraft observations by Marsch (2006) .
The Landau and cyclotron resonances are an essential ingredient in the wave and instability analysis in the linear Vlasov theory. Waves and particles are in resonance when the apparent field-aligned phase speed of the wave (corrected for the cyclotron frequency or its harmonics) is sufficiently close to the thermal speed of the particles, namely when the condition
holds. Here ω denotes the frequency, s the cyclotron frequency of species s, m the harmonic degree of resonance (m = 0, ±1, ±2, . . .), k the parallel (or field-aligned) component of the wavevector in the direction to the mean magnetic field, and v th the thermal speed of species s. It should be noted here that the apparent phase speed ω/k is involved in the resonance condition, not the total phase speed ω/|k| and not the field-aligned component of the phase speed ωk /|k| 2 . Equation (1) serves as a measure of the Landau resonance for
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Y. Narita et al.: Wave-particle resonance in the solar wind m = 0, the fundamental cyclotron resonance for m = 1, and the cyclotron harmonic resonance for the other values of m.
As is seen in Eq. (1), the measurement of the resonance parameter ζ (m) requires knowledge of the frequencies in the plasma rest frame and the wavevectors, which is not feasible using single-spacecraft measurements only.
Here we present an observational study of the Landau and cyclotron resonance conditions using the database for the low-frequency wave samples of magnetic field fluctuations in the solar wind on the spatial scales of ion kinetics (at about the inertial length and smaller) (Perschke et al., 2014) . Our study presents for the first time that the Landau and the cyclotron resonance conditions are evaluated directly and observationally for protons and electrons. The difficulty in obtaining knowledge on the rest-frame frequencies and the wavevectors is overcome by using four-spacecraft measurements performed on board Cluster in the solar wind near 1 AU.
2 Wave-particle resonance test
Kinetic-wave database
The database originates from four-point magnetic field measurements performed by the fluxgate magnetometers on board Cluster (Balogh et al., 2001) . The database represents a collection of the wave samples at the smallest tetrahedral spatial scales of about 100 km in the solar wind with the full three-dimensional spatial resolution (from February to April 2002). That scale is ideal for studying waves on the ionkinetic scale because the ion inertial length is of the order of a few hundred kilometers. Nine time intervals are identified as suited for the wave analysis, of which 543 discrete wave samples (local peaks in the energy spectra) are registered into the wave database. The values of ion beta are in the range 0.5 ≤ β i ≤ 1.6 with a mean value of about 1.01. Wave propagation angles are quasi-perpendicular from the mean magnetic field.
In the database, nine intervals of the pristine solar wind measurements are used under a condition of quasi-stationary and homogeneous mean magnetic and flow velocity fields, e.g., change of the mean magnetic field up to 15 • , fluctuation amplitude relative to the mean magnetic field being at most a few percent, and that to the mean flow velocity smaller than 1 % (Perschke et al., 2014) . A typical example of the frequency spectrum is shown in Fig. 1 .
The method of the wave analysis is the Multi-point Signal Resonator (MSR) algorithm (Narita et al., 2011) , which makes use of the minimum variance projection (maximum likelihood estimate for a Gaussian likelihood function) and the eigenvector-based adaptive projection called the extended MUSIC (Multiple Signal Classification) algorithm. In the MSR algorithm, isotropic fluctuations are regarded as noise, and coherent wavevectors are selected for the further analy- sis. We pick up the wave components that are persistent or coherent in the data with a larger fluctuation amplitude without assuming a particular dispersion relation in the data. The MSR algorithm detects waves that have amplitudes larger than the isotropic fluctuation level (we refer to it as a noise level). One may expect that strong turbulence exhibits a broadband spectrum, and in our analysis, small-amplitude fluctuations below the isotropic level are not considered for the study.
From a first application or analysis of the database, Perschke et al. (2014) have concluded that the wave frequencies in the plasma rest frame are broadly distributed from nearly zero to over the ion cyclotron frequency and appear as sideband waves around the theoretical frequencies of the linear modes. Before applying the resonance condition test to the database, we first revisit the wave frequencies (or the dispersion relation diagram) in view of the kinetic slow mode which has recently been found to be competitive as a possible wave mode in solar wind turbulence Klein et al., 2012; Narita and Marsch, 2015) . In the analysis, the wave frequencies are transformed from the spacecraft frame into the plasma rest frame by correcting for the Doppler shift, k · U sw , where k and U sw are the wavevector obtained from the multi-point wave analysis (Narita et al., 2011) and the ion bulk velocity obtained from the Cluster electrostatic ion analyzer instruments (Rème et al., 2001) , respectively.
The top panel in Fig. 2 displays the dispersion relation diagram, a plot of wave frequencies (in the plasma rest frame) as a function of the wavevector magnitudes. The wave samples are separated into the high-beta group (β i ≥ 1) and the lowbeta group (β i < 1). The frequencies and the wavevectors are normalized to the ion cyclotron frequency p (for protons) and the ion inertial length V A / p , respectively (here V A is the Alfvén speed). The normal modes in the linear Vlasov theory are calculated using the dispersion solver described in Gary (1993) (or in Narita and Marsch, 2015 for the detailed implementation), and are over-plotted under the typical condition of the measured solar wind: ion beta of unity β i = 1 and the quasi-perpendicular wavevectors at an angle of 88 • from the mean magnetic field (set by the measured wavevector angles, see the bottom panel and the next paragraph).
Most of the wave frequencies show a deviation from that of the linear modes. The frequencies are too high to be explained as the kinetic Alfvén mode or the kinetic slow mode. However, the frequencies are more concentrated around the ion Bernstein mode (as the high-wavenumber branch of the whistler mode at about the ion cyclotron frequency, ω/ p 1). There is no clear indication that wave modes are better identified for higher or lower values of ion beta. Therefore, we obtain the results that there is a weak indication of the ion Bernstein mode and that the kinetic slow mode is not likely the best candidate to explain the measured solar wind fluctuations irrespective of ion beta (in the measured range of beta, of course).
The bottom panel in Fig. 2 shows a scatter plot of the wavevector angles from the mean magnetic field θ kB . The wavevectors are quasi-perpendicular to the mean field. The mean angle with the standard deviation as an error bar range is 90.2
• when computed in the range up to 180 • , and 86.1
• in the range up to 90 • (by measuring the angles either from the mean field or from the anti-parallel direction to the mean field), which motivates setting the angle θ kB = 88 • for the dispersion relation test in the top panel. Errors are estimated at each data point in Fig. 2 as follows: relative error of the wavenumbers is 10 % (grid size in the wavenumber domain); that of the mean flow velocities is up to 15 % (flow statistics); that of the rest-frame frequency is up to 25 %; (on Doppler shift estimate) (Perschke et al., 2014) ; that of the resonance parameter is up to 35 %; and that of the wavevector angle is 3 • .
Landau and ion cyclotron resonance test
The resonance conditions are tested for the Landau and cyclotron types for protons and electrons using the database. The proton Landau resonance condition is evaluated for m = 0 in Eq. (1), and the ion cyclotron resonance condition for m = ±1 in Eq. (1), denoted by ζ L and ζ C , respectively. Here, both signs are used in the ion-cyclotron resonance study because the rest-frame frequencies can be both positive (propagating in the direction away from the Sun in the rest frame) and negative (toward the Sun). The thermal speed of protons is obtained by the Cluster electrostatic ion analyzer instruments (Rème et al., 2001 ). The resonance conditions for thermal electrons (assuming the same temperature between ions and electrons) are obtained by multiplying the proton resonance conditions by a factor of m e /m p (42.85) −1 . Equivalently, one may plot a compensated resonance parameter by multiplying the proton resonance parameter by the factor 42.85 in the diagram of the proton resonance parameters to study if the electron resonance condition is satisfied. The Landau and the cyclotron resonance parameters for protons are plotted as a function of the wavenumbers in Fig. 3 . Both the Landau and cyclotron resonance parameters show a distribution in a broad range of the wavenumbers. The distribution of the Landau resonance parameter is concentrated well above the resonance with the protons (ζ L(p) 1) yet slightly below that with the electrons. The distribution of the cyclotron resonance parameter is also concentrated well above the resonance with the protons and nearly satisfied the resonance condition for the electrons ζ C(e) ζ C(p) m e /m p ∼ 1. There is only weak dependence of the measured resonance parameters on the wavenumbers. Also, there is only weak dependence on the values of plasma beta. Figure 4 shows the distributions of the electron resonance parameters in a histogram style. A peak is found between 10 and 100 % of the resonance condition for the both electron Landau and cyclotron resonances. Furthermore, the distribution of the electron cyclotron resonance peaks nearly at ζ C(e) 1. To summarize, coherent waves in the solar wind do not satisfy the resonance condition for the protons, but satisfy reasonably the condition for the electrons. In particular, the electron cyclotron resonance is likely in operation.
There is no clear separation between the low-beta group and the high-beta group in the resonance parameter study except for the weak separation in the Landau resonance parameter that the high-beta group (in black) appears to have slightly smaller values (in the range 1 < ζ L < 10) than that for the low-beta group (in gray, in the range 10 < ζ L < 100).
Discussion and outlook
We find the wave modes to appear mostly as sideband waves with a weak indication to whistler and ion Bernstein modes. A detailed wave mode study by Perschke et al. (2014) using the kinetic-data base shows that both linear modes such as whistler, Bernstein, and kinetic modes and sideband waves exist in the solar wind. On the other hand, there have been recent studies suggesting that the kinetic Alfvén mode is dominant in the solar wind, e.g., from the k-filtering technique (Sahraoui et al., 2010; Roberts et al., 2013) and by other techniques TenBarge et al., 2012; Kiyani et al., 2013; Chen et al., 2013) . A question arises naturally as the reason why the kinetic Alfvén mode does not clearly appear in our kinetic-wave database. A possible explanation includes a scenario that sideband waves play a more fundamental role in solar wind turbulence. The MSR algorithm is more sensitive than existing multi-spacecraft interferometric methods such as k-filtering or wave telescope and can identify the wavevectors for coherent wave components more clearly. That is, the existence of multiple sideband waves may mislead the previous wave analyses to a different wave mode. A further test would be needed to verify this scenario.
The lesson from the wave-particle resonance test using the Cluster data in the sola wind is that non-normal or sideband waves play an important role in that even fluctuations on the ion-kinetic scales can potentially heat the electrons, which may be regarded as a realization of cross-scale coupling in a plasma. To achieve such a cross-scale coupling, the sideband waves must be continuously pumped by wavewave interactions within their lifetime, i.e., before the sideband wave changes its frequency and wavenumber through further wave-wave interactions.
Most of the major wave components in the solar wind do not show a clear organization of the dispersion relation. The wave frequencies appear as sideband and are distributed between that of the kinetic Alfvén or kinetic slow modes and that of whistler mode which undergoes transition into the Bernstein mode at higher wavenumbers. It is interesting that the sideband waves exhibit a weak indication of the electron cyclotron resonance in a broad range of wavenumbers around the ion inertial length 0.2 < kV A / p < 2. In contrast, Landau or cyclotron resonance with ions is not a likely process near 1 AU as wave frequencies or apparent field-aligned phase speeds are too high for the resonance with the thermal ions. We conclude, observationally speaking, that the electron heating through the cyclotron resonance with the quasiperpendicular propagating sideband waves is most relevant on ion-kinetic scales in the solar wind near 1 AU.
A clear demonstration for the existence of the electron cyclotron resonance requires further studies of the velocity distribution functions. Still, we may ask a question if the ion heating happens primarily in the inner heliosphere before the solar wind reaches 1 AU. The presence of ion pitchangle scattering is supported by the Helios spacecraft observations at 0.3 AU (Marsch and Bourouaine, 2011) . On the other hand, there are other heating mechanisms apart from the resonances, for example stochastic heating or reconnection. Also, there might a possibility that wave modes with small amplitudes were not detected.
The question about the origin of the sideband waves remains unsolved. We speculate that the sideband waves are generated through wave-wave interactions (e.g., Verscharen et al., 2012; Comişel et al., 2013) or wave-particle-wave interactions (e.g., Marsch, 2006) associated with the normal modes. The frequencies deviate gradually from that of the normal modes such that the waves evolve into sideband waves in the dispersion relation diagram. Higher-order statistics for the fluctuating magnetic fields is ideal to test against three-or even four-wave resonance processes in the solar wind.
It is interesting to note that not so many particles in solar wind turbulence participate in the wave-particle interac-tions because the distributions of the resonance parameters are rather broad. The observational study of wave-particle interactions can be extended to the velocity space (the analysis of the velocity distribution functions) and to the smaller scales in the coordinate space down to the electron scales. Fortunately, the Magnetospheric MultiScale (MMS) mission (Burch et al., 2015) will encounter the solar wind when the spacecraft apogee is boosted to the solar wind for its second observational phase in the Earth magnetotail measurements. The combination study using both Cluster and MMS measurements will give us a more comprehensive picture about the dissipation mechanism in plasma turbulence.
